Rat liver mitochondria contain a Mg2+_ requiring system that transfers the ADP-ribose moiety of NAD+ to an acceptor protein. The enzyme system was extracted in a soluble form and the ADP-ribosylated protein product was isolated by hydroxyapatite and Sephadex chromatography. The ADP-ribosylated protein product has a molecular weight of 100,000 and can be dissociated into subunits of 50,000 daltons by sodium dodecyl sulfate gel electrophoresis. Incubation of the isotopically labeled ADP-ribosylated protein with nicotinamide and a mitochondrial extract yields labeled NAD+, indicating apparent reversibility of the reaction. Enzymatic degradation of the ADP-ribosylated protein with snake venom phosphodiesterase liberates AMP and ADP-ribose or its isomer.
Poly(ADP-ribose) (compare refs. 1-3) and ADP-ribosylated elongation factor 2 (compare refs. [4] [5] [6] are presently the only known macromolecular enzymatic products of NAD + in eukaryotic organisms. Both of these NAD+ metabolites exert specific inhibitory effects on cellular macromolecular metabolism of nonmalignant cells. Poly(ADP-ribose) is formed from NAD+ by a chromatin-bound specific polymerase which is dependent on DNA under certain conditions .(compare refs. 2 and 3) . The formation of poly(ADP-ribose) coincides with a decreased template activity of isolated chromatin for DNAdirected DNA synthesis in non-malignant cells (7) . The exact mechanism of this effect is unknown; however, it was suggested recently that it may be mediated by an inhibition of nuclear endonuclease activity (8) . The opposite phenomenon, i.e., activation by poly(ADP-ribose) of apparent template activity is observed in nuclei of HeLa cells (9) . ADP-ribosylation of elongation factor 2 by diphtheria toxin, which has a specific ADP-ribose transferase activity from NAD +, is a better understood reversible enzymatic process (4) (5) (6) . More recently, the peptide structure of the ADP-ribosylated protein has also been described (10) .
Mitochondria contain specific DNA and it was also shown that these organelles are capable of synthesizing NAD + from nicotinamide and other known precursors (11) . It is, therefore, possible that mitochondrial NAD + metabolism could play a hitherto unsuspected cellular regulatory role if macromolecular products of NAD + were found in these subcellular granules. A concrete reason for further investigations along these lines is provided by the discovery of the enzymatic ADPribosylation of a mitochondrial protein by NAD + in extracts of isolated rat liver mitochondria, as described in the present report. METHODS Liver mitochondria were prepared from male albino Wistar rats (130-150 g) starved for 16 hr. Differential centrifugation (12) and other techniques used for isolation and characterization of mitochondria were previously described (13) . Two successive low-speed (12) centrifugation steps were added in order to minimize contamination by nuclear fragments. These steps were introduced during centrifugal washings with bovine-serum-albumin-free buffered mannitol/sucrose medium (12) . The yield of mitochondria purified in this manner varied between 5.2 and 10.8 mg of mitochondrial protein (biuret assay) per g (wet weight) of liver. Mitochondria prepared by this method did not contain DNA-stimulated and thymidineinhibited poly(ADP-ribose) polymerase which is characteristic for nuclei (2, 3 The present work is concerned with the soluble system that catalyzes the transfer of the adenine-containing moiety of NAD + to a macromolecular acceptor. Covalent binding of the adenine-labeled moiety of NAD+ to protein requires added Mg2+ (40-200 mM Mg2+ gives the same maximal results) and the apparent pH optimum of the reaction is 6.5. As shown in Fig. 1 , only the portion of NAD+ containing the adenine ring is bound to protein. The time course of protein binding at 250 is linear for 1 hr, but tends to fall off thereafter. At higher temperatures (370), the apparent rate of formation of the macromolecular product sharply decreases after 20 min, presumably because of pyrophosphatase activity in the extract (Figs. 5 and 6) .
When the rate of protein binding (at 80 min and 250) is plotted against increasing concentrations of NAD+, a hyperbolic saturation curve is obtained (Fig. 2) . From a Scatchard plot, it was calculated that 0.6 Asg of protein present in the extract binds 1 pmol of the adenine-containing moiety of NAD+. The experimentally obtained half-saturation of the binding protein occurred between 0.3 and 0.5 mM NAD +.
Since the stoichiometry of binding of the adenine-labeled NAD+ moiety to protein was reproducible in a large number of experiments, we proceeded with the isolation and characterization of the macromolecular product. Mitochondrial extracts were labeled by incubation for 80 min with 1 mM NAD+ and 50 mM Mg2+ at 250 and subsequently fractionated on a hydroxyapatite column with a phosphate buffer gradient (1 mM -* 500 mM). A single peak of radioactive protein was eluted between 110 and 130 mM potassium phosphate (Fig. 3) . The success of the hydroxyapatite chromatography critically depends on the pH of the dilute phosphate buffer (1 mM). Slight deviation towards acidity causes an earlier appearance of the radioactive protein (P) and separa- (A2Wa/A260 = 1.16). Polyacrylamide gel electrophoresis of the P protein in the presence of sodium dodecyl sulfate revealed only one radioactive protein peak, corresponding to the main protein band (molecular weight = 48,000-50,000) with only two additional minor nonradioactive proteins present (Fig. 4) . Gel filtration of freshly prepared labeled mitochondrial protein extract (see Methods) on a 1 m long Sephadex G-100 column with 10 mM phosphate buffer (pH 7.0) as eluent separated a radioactive protein corresponding to a molecular weight of 100,000. It is apparent that dodecyl sulfate gel electrophoresis results in a dissociation of this protein into two .major subunits. The nature of the adenine-labeled NAD + residue bound to the protein product P was investigated by its enzymatic degradation. Incubation of P with purified snake venom phosphodiesterase for 2 hr at 370 and at pH 7.4 liberated 70% of bound radioactivity as trichloroacetic-acid-soluble nucleotides. The nucleotides that were liberated by phosphodiesterase were identified as AMP and a nucleotide that corresponded to ADP-ribose (Fig. 5) . This nucleotide is probably indistinguishable in our chromatographic system from 5'-Padenosine(2' --1 ')ribose- were terminated by 50 ul of 50% trichloroacetic acid (0°). Both acid-precipitable and extractable radioactive material were determined and the latter (after freeze drying) was separated into components by paper chromatography. All radioactive material (70-85%) was accounted for.
the ADP-ribose component were present in a ratio which approximates 2: 1 (Fig. 5) . Some of the protein-bound adenine nucleotides were dephosphorylated to adenosine. Since snake venom phosphodiesterase was freed from phosphatase (17) , it seems probable that adenosine formation is either due to contamination of P by mitochondrial pyrophosphatase or reflects thermal instability of P. Incubation for 40 min at 250 at pH 6.5 of P with crude mitochondrial extract alone resulted in the liberation of AMP and adenosine (Fig. 5) , indicating phosphorolytic degradation of protein-bound nucleotides by pyrophosphatase (unpublished experiments), known to be present in mitochondria. Incubation with hydroxylamine (18, 21, 22) at pH 7.4 for 40 min at 25°did not liberate any nucleotides from P protein. When nicotinamide and a freshly prepared mitochondrial extract were incubated simultaneously with the radioactive protein P, besides small amounts of AMP the main product was NAD+, identified by its radioactive labeling and its position on the chromatogram (Fig. 5) . The analyses of enzymatic degradation products of the labeled protein P and especially the apparent reversibility of the reaction show that the ADP-ribose moiety of NAD+ has been transferred to an acceptor protein.
Chemical instability of P is illustrated in Fig. 6A . Neither
DNase or RNase had any effect on P. Incubation at pH 8.0 at 370 causes a time-dependent release of bound radioactivity from P with a half-life of about 2 hr. This process is very rapid in 0.25 N NaOH. Digestion with trypsin also accelerates the release of bound radioactivity. Picrylsulfonic acid, a wellknown NH2-group blocking agent, not only inhibits ADP- Fig. 3 ) was incubated at pH 6.5; pH 8.0; +100 mM PSA; +5 ug of trypsin; or in 0.25 N NaOH. Decay of acid-precipitable radioactivity (ordinate) was determined at time intervals (abscissa). In (B) 1.95 mg (20, Ml) of mitochondrial extract +10 Ml of 14C-abeled NAD + (0.25 MuCi; 1 nmol) +40mM Mg2+ were incubated at pH 6.5, 250 for 40 min at various concentrations of PSA (abscissa) and covalently bound ADP-ribose was determined (ordinate).
ribosylation of the protein (Fig. 6B) but also increases the rate of release of ['4C]adenine residues from the radioactive protein P (Fig. 6A) . At pH 6.5, the stability of the labeled protein (P) is greater than at pH 8.0. The labeled protein product (P) obtained by hydroxyapatite chromatography can be preserved at -15°for 3 weeks with a loss of 30%.
Enzymatic properties of the mitochondrial extract that transfers ADP-ribose from NAD+ to an acceptor protein are shown in Table 1 . Added ADP-ribose is a competitive inhibitor of the enzymatic reaction. The fluorophosphate of AMIP inhibits in a similar manner, but the effect of nicotinamide is anomalous. At a concentration of 5 mMI the inhibition by nicotinamide actually increases with increasing concentration of the substrate (NAD+), suggesting that not only inhibition but reversal of the reaction takes place. It is also shown in the table that added AMP has no inhibitory effect and NAD + as a protein-labeling substrate cannot be replaced by equimolar AMP ('4C-labeled in the adenine ring). Thymidine and DNA have no effect on the enzymatic transfer of the ADP-ribose moiety of NAD+ to protein.
DISCUSSION
Our experimental results show that mitochondria contain an extractable enzyme system which cleaves NAD + at its glycosidic bond and transfers the ADP-ribose moiety to protein acceptors. This system may be membrane-associated in mitochondria. Kinetic evidence: inhibition by ADP-ribose, nicotinamide, or AMP-F; apparent reversibility of the reaction and identification of enzymatically liberated nucleotides from the labeled macromolecular product supports this conclusion. The mitochondrial ADP-ribosylating system contains at least two types of macromolecular components. First, the enzymatic cleavage and transfer system, which is less stable than the second protein component, consisting of the acceptor protein. It cannot be decided at present whether or not one or more enzymes are involved in the transfer of ADP-ribose from NAD+ to an acceptor. Apparent complexity of the macromolecular product may indicate the participation of more than one enzyme. Certain properties of the mitochondrial ADP-ribosylating system exhibit striking similarities to the diphtheria-toxin-catalyzed ADP-ribosylation (18, 19) of elongation factor 2. By analogy with the diphtheria-toxincatalyzed process we also observed a reversible ADP-ribosylation of a mitochondrial protein by NAD +. Inhibition of ADP-ribosylation and cleavage of the, product by picrylsulfonic acid (20) suggest the participation of an amino-glycosidic bond in the acceptor, or a catalytic role of an NH2 group in the enzymatic component, or both. Alkali instability of the product, on the other hand, may suggest the participation of serine or threonine hydroxyl groups. Since our experiments to this date were confined to rate measurements (Fig. 6) , it is not possible to decide to what extent either or both types of glycosidic bonds participate in the ADP-ribosylation of the'mitochondrial protein product. From the apparent stoichiometry of nucleotide products after phosphodiesterase digestion (Fig.  5) , it is evident that oligomers, possibly dimers, of ADP-ribose are also characteristic of the macromolecular end product, Determination of the exact stoichiometry of the reaction requires more complete removal of mitochondrial pyrophosphatases. Assuming 1 mol of ADE-ribose residue per 1 mol of protein acceptor, one can readily calculate that the latter is already about 85% saturated with ADP-ribose when extracted from liver mitochondria. The presence of proteinbound ADP-ribose in mitochondria would be expected because NAD+ in mitochondria (1-2 mM) is constantly available as a substrate for the reaction. However, the above stoichiometry is improbable because of the apparent heterogeneity of the product, containing more than one type of ADP-ribose residue. It is, therefore, concluded that the distribution of bound ADP-ribose residues in protein subunits is likely to be inhomogeneous or asymmetric. This assumption is consistent with experimental results which show that the mitochondrial product is in part similar to the ADP-ribosylated elongation factor 2, and also contains oligomeric ADP-ribosylated protein subunits.
Our results support the view that mitochondria may participate in the regulation of cellular growth. The ADP-ribosylated protein in mitochondria may be a component of the postulated mitochondrial repressor system (23) . Discovery of the new rmitochondrial site of inhibitory action of nicotinamide may eventually explain enzyme induction by pharmacological doses of this vitamin derivative (24) .
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